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ABSTRACT 


This  report  presents  the  theoretical  basis  for  calculation  of  deco«pression 
schedules  for  nitrogen-oxygen  and  helluB-oxygen  mixtures  used  in  diving. 

It  includes  definitions,  theory  of  exponential  saturation  and  desaturation, 
and  theory  of  limiting  values  of  excess  saturation  permitted  at  various 
ambient  pressures  with  helium  and  nitrogen.  An  attempt  has  been  made  to 
simplify  the  presentation  of  the  calculation  procedure  to  implement  the 
thecretical  method.  The  necessary  tables  and  worksheets  used  In  calculations 
are  presented,  together  with  sample  calculations  of  dive  schedules.  The 
discussion  describes  and  appraises  other  methods  of  calculation  developed  in 
recent  years. 
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(1)  Revise  the  Haldane  nethod  for  the  calculation  of  air  decoapression 
tables  to  a  general  case  to  be  used  for  calculation  of  schedules  for 
various  nitrogen-oxygen  and  heliua-oxygen  aixture  dives. 

(2)  Present  developaents  in  decoapression  theory  subsequent  to  the  Dwyer 
report  (Experiaental  Diving  Unit  Research  Report  4-56)  which  have  a 
bearing  on  the  calculation  procedure. 

umm 

(1)  This  report  presents  a  general  case  for  calculation  of  decoapreesion 
schedules  for  dives  in  which  nitrogen-oxygen  and  heliua-oxygen  aixtures 
are  breatheu. 

(2)  The  present  status  of  decoapression  calculation  procedures  is  discussed 

to  include  definitions  and  basic  theories.  | 

RECOiCiENDATIONS  f 

(1)  Use  this  report  for  instruction  in  calculation  procadures  of  decoapression 
schedules. 

(2)  Revise  the  report  or  suptrctda  it  as  a  taxt  when  this  is  required.  ^ 
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FOREMDRr] 

Th®  procediiT^®  for  calculation  of  decompression  schedules  given  in  this 
report  is  not  new.  It  is  based  prisiiarily  on  a  method  developed  by 
Boycott,  Damant  and  Haldane  in  1908,.  further  delineated  by  Yarbrough 
in  1937  and  presented  in  a  detailed  report  by  I>«yer  in  1956  as  U.  S. 

Navy  Experimental  Diving  Unit  Research  Report  4-56  entitled  "Calculation 
of  Air  Decompression  Tables".  The  latter  report  presented  e  step-by- 
step  procedure  to  be  used  in  computer  programing,  and  to  serve  also  as 
a  text  for  instruction  of  students,  as  amplified  by  exposition  of  the 
basic  theories.  With  further  deveiopawnt  of  limits  of  maximum  tissue 
pressures  at  the  various  deconepression  stops,  the  standard  air  decompres¬ 
sion  tables,  exceptional  exposure  tables  and  repetitive  dive  tables  were 
calculated  by  this  method.  More  recently,  helium-oxygen  decompression 
tables  for  mixed-gas  SCUBA  have  ilso  been  developed  by  this  method, 
employing  control  values  for  helium  which  differ  from  those  for  air. 

* 

Since  decompression  calculations  must  be  used  for  dive  schedules 
employing  helium- oxygen,  and  nitrogen-oxygen  mixtures  other  than 
air,  it  was  considered  important  to  present  the  modifications  to 
the  basic  method  required,  as  well  as  the  control  values  limiting 
the  tissue  tensions  of  the  various  gases  at  the  decompression  stops. 
Aspects  of  decompression  theory  which  have  developed  subsequent  to 
the  Dwyer  report  are  discussed,  as  are  other  calculation  procedures 
based  on  a  diffusion-limited  gas  exchange  model. 

This  is  an  interim  report.  Future  reports  will  cover  test  dive 
results  of  schedules  developed  by  this  basic  method. 
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1.  OBJECT 
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1 • 1  Obiectivgs 

(1)  To  detail  the  develop«ent  of  decoii^>ression  calculation  theory 
to  Include  the  method  of  Haldane  and  subsequently  developed  whole  body 
gas  exchange  laethods. 

(2)  To  describe  the  modifications  to  the  Haldane  method  used  by 
the  U.  S.  Navy  and  present  the  basis  for  these  changt'S. 

(3)  To  update  the  method  presented  by  Dwyer  by  deacnstrating  the 
general  case  for  decompression  calculation  rather  than  for  air  alone. 

(4)  To  provide  some  textual  material  for  use  by  student  submarine 
medical  officers. 

1.2  Scope 

1.2.1  This  report  considers  several  of  the  approaches  to  decompression 
calculations  alternate  to  the  "Haldane  method*  which  have  received 
attention  in  recent  years. 

1.2.2  The  theoretical  justification  to  the  present  form  of  the  "Haldane 
method"  as  modified  for  use  in  the  U.  S*  Navy  is  presented  together  with 
the  control  limits  used  for  calculation  of  nitrogen-oxygen  and  helium- 
oxygen  dives. 

1.2.3  An  attempt  has  been  made  to  deannstrate  the  calculation  procedure 
in  step-wide  fashion  to  implement  the  theory  of  exponential  gas  exchange. 

2.  DESCRIPTION 

2.1  Development  of  the  Haldane  method 

2.1.1  The  first  systematic  study  of  decompression  requirements  following 
exposure  of  animals  and  man  to  increased  aad>ient  pressure  of  air  was 
reported  by  Boycott*  Damant  and  Haldane  in  1908.  As  a  result  of  numerous 
pressure  exposures  of  small  animals  and  goats*  a  rational  basis  for 
calculation  of  decompression  schedules  was  derived.  The  basic  tenets  of 
their  procedure,  which  has  become  known  as  the  "Haldane  method"*  relate 

to  (1)  the  estimation  of  the  percent  of  complete  saturation  or  desaturation 
of  the  body  tissues  with  nitrogen  during  any  pressure  exposure  time-course, 
and  (2)  the  amount  of  excess  nitrogen  pressure  in  the  tissues  related  to 
hydrostatic  pressure  which  is  permissible  without  symptoms  of  decompression 
sickness  resulting  during  or  following  the  reduction  of  pressure  to  one 
atmosphere. 
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2«1.2  The  processes  of  saturation  and  desaturation  were  considered  in 
the  following  wanner.  The  blood  passing  through  the  lungs  of  a  wan 
breathing  coaipressed  air  becoaes  instantly  saturated  to  the  full  extent 
with  nitrogen  at  the  existing  partial  pressure  in  the  air.  When  this 
blood  reaches  the  systeaic  capillaries,  aost  of  the  excess  nitrogen  will 
diffuse  out  Into  the  body  tissues,  and  the  blood  return  to  the  lungs  for 
a  fresh  charge.  This  process  is  repeated  until  the  tissues  are  equilibrated 
with  nitrogen  at  the  saaa  partial  pressure  as  in  the  air  breathed.  But  the 
blood  supply  to  different  parts  of  the  body  varies  greatly  as  does  the 
capacity  for  dissolving  nitrogen.  It  can  be  seen  that  the  tine  taken  for 
different  parts  of  the  body  to  becoae  saturated  with  nitrogen  will  vary 
greatly. 

2.1.3  Bovcott,  Daaiant  and  Haldane  estimated  that  the  whole  body  of  a  nan 
weighing  70  kg.  will  take  up  about  1  liter  of  nitrogen  for  each  atjsosphere 
of  excess  air  pressure,  about  709^  store  nitrogen  than  an  equal  anount  of 
blood  would  take  up.  With  the  weight  of  blood  in  nan  equal  to  6.51K  of  the 
body  weight,  the  anount  of  nitrogen  held  in  solution  in  the  coaipletely 
saturated  tissues  would  be  about  170/6*5,  or  26  tines  as  great  as  the  anount 
held  in  the  blood  alone.  If  the  conposltion  of  the  body  were  the  sane  in 
all  parts,  and  the  blood  distributed  itself  evenly  to  all  tissues,  the  body 
would  receive  at  one  complete  round  of  the  blood  after  sudden  exposure  to 
increased  pressure  of  air  one  twenty-sixth  of  the  nitrogen  corresponding 

to  complete  saturation.  Each  successive  round  would  add  one  twenty-sixth 
of  the  rcMMining  excess  of  nitrogen.  Thus,  it  is  seen  that  the  body  would 
be  half-saturated  in  less  than  twenty  rounds  of  circulation,  or  about  ten 
minutes,  and  that  complete  saturation  would  be  practically  complete  in  an 
hour.  The  progress  of  saturation  would  follow  an  exponential  curve,  but 
it  was  considered  a  mistake  that  this  rate  of  saturation  and  desaturation 
could  be  applied  to  the  body  as  a  whole.  Actually  the  rate  of  saturation 
would  vary  widely  in  different  parts  of  the  body,  but  for  sny  particular 
part  the  rate  of  saturation  would  follow  a  curve  of  this  form,  assuming 
that  the  circulation  rate  remained  constant. 

2.1.4  A  variable  rate  of  saturation  and  desaturation  was  considered  to 
exist  for  different  parts  of  the  body,  relating  to  the  different  perfusion 
rates  of  tissues  with  blood.  This  variable  tiaw-course  of  nitrogen  uptake 
for  various  parts  of  the  body  was  simulated  by  use  of  a  family  of  discrete 
hypothetical  half-time  tissues  (5,  10,  20,  40  and  75  minutes)  to  represent 
the  physiologic  processes  of  gas  exchange  in  the  whole  body. 

2.1.5  In  their  work  with  goats,  the  differences  in  respiratory  exchange 
rate  and  cardiac  output  from  man  were  considered.  These  were  related  to 
man  as  being  two-thirds  greater  for  the  goat  per  kilo  of  body  weight  by 
direct  measurement.  Thus,  a  time  of  3  hours  was  thought  to  be  required 
for  complete  saturation  for  goats,  while  5  hours  was  considered  required 
for  man.  The  7f»  minutes  of  half-time  would  represent  7.5  hours  time  to 

98.5  percent  saturation,  therefore,  it  appears  that  an  attempt  was  made 
toward  conservatism  or  in  considering  that  more  time  might  be  required 
for  equilibration  with  nitrogen  in  some  subjects. 
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Toward  definirtg  this*  tlM  of  axpoaur*  to  Incraascd  prtiaure  was  varlad 
in  animal  expariawntSi  the  Axpotura  pretsura  and  daconprastion  tima 
ramaining  constant.  It  is  not  avidant  frooi  tha  data  raported  that 
aquilibration  tiate  was  defined  for  man»  as  most  axposuras  wara  not 
sufficiently  long.  This  dafact  bacama  apparent  in  tha  inadaquacy  of 
scnadulas  for  longar  Olvasdarivad  by  this  aathod  until  half-timas  of 
120  to  240  minutas  wara  usad. 


2.1.6  Parhaps  more  iaiportant  than  tha  astination  of  uptake  and  elimination 
of  nitrogan  is  tha  concept  of  stage  dacoaiprassion  which  developed  from 
their  studies.  This  makes  tha  fullest  use  of  tha  permissible  difference 

in  pressure  between  that  of  tha  tissue  and  blood  nitrogan  to  hasten  tha 
elimination  of  nitrogen  from  tha  tissues.  Tha  limit  applied  to  reduction 
of  hydrostatic  pressure  was  to  never  a]  i  tha  computed  nitrogen  pressure 
in  the  tissues  to  be  more  than  twice  tna  aaibiant  pressure.  This  2  to  1 
ratio  actually  assumed  aouilibration  to  tha  ambient  pressure  of  the  maximum 
depth,  rather  than  to  tha  nitrogan  partial  pressure.  Tha  absolute  pressure 
of  tha  maximum  depth  was  titan  halved  to  determine  tha  first  dacospression  < 
stop.  A  special  case  was  assumed  for  air,  for  with  its  79  percent  nitrogan 
content,  tha  actual  ratio  of  nitrogen  pressure  upon  equilibration  to 
ambient  pressure  would  be 

2  X  Q.79  *  in  place  of  2 
1  1  1 

2.1.7  It  is  true  that  this  ignores  the  presence  of  oxygen  in  the  breathing 
mixture  as  a  factor  in  bubble  formation.  Extensive  diving  with  nitrogen 
and  helium  lixtures  enriched  with  oxygen  in  excess  of  21  percent  confirms 
the  absence  of  significant  effect  of  oxygen  as  part  of  the  total  pres'-ure 
in  decompretaion.  It  appears  that  if  sufficient  time  is  permitted  for 
excess  oxygen  in  tissues  to  be  utillsad  during  reduction  of  pressure, 
decompression  sickness  due  to  this  factor  is  unlikely  to  occur. 

2.1.8  The  importance  of  the  initial  ascent  to  initiate  the  maximum  safe 
gradient  for  inert  get  elimination  cannot  be  overetaphaaized.  Prior  to 
recognition  of  this  concept,  ascent  to  the  surface  wet  carried  nut  at  a 
constant  rate  which  unnecessarily  exposed  the  diver  to  pressure,  resulting 

in  further  inert  gas  uptake  in  ti  tsucs  which  had  not  completely  equilibrated. 
This  increased  the  magnitude  of  i  'compression  time  required  over  that 
actually  needed  if  the  diver  had  chieved  the  initial  decrease  in  depth 
compatible  with  safety.  Only  the  special  case  of  complete  total  body 
equilibration  requires  a  continuous  ascent  at  a  constant  rate  to  permit 
the  use  of  a  maximum  safe  gradient  for  inert  get  elimination  from  the 
slowest  half-time  tissue  controlling.  Even  this  can  follow  an  initial 
more  repid  reduction  of  pressure  of  the  ordtr  of  one  atmosphere. 
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2.1.9  Studies  of  peraissible  decrease  in  pressure  consioered  the  two 
cases  of  (l)  reduction  by  scsne  sosolut^  value  and  (2)  of  that  relative 

to  3*bient  pressure.  Haldane  noted  that  goats  dscosspressed  from  exposure 
at  6  atmospheres  absolute  to  2,6  atm  had  no  symptoms.  This  is  a  2.3  to  1 
ratio  of  ambient  pressure,  with  an  absolute  pressure  change  of  3.4 
atmospheres.  Goats  were  then  similarly  exposed  at  4.4  atmospheres  absolute 
pressure  before  being  decompressed  to  1  atmosphere.  With  the  same  3.4 
atmospheres  absolute  pressure  change  only  20  percent  of  the  animals  escaped 
symptoms. 

2.1.10  Decompression  schedules  for  man  based  on  the  2  to  1  ratio  concept 
have  not  proven  to  be  safe  for  longer  and  deeper  exposures,  Haldane 
himself  recognized  this  in  his  book  "Respiration"  bv  stating  that  for 
air  dives  exceeding  6  atmospheres  absolute,  some  reduction  of  this  ratio 
was  required. 

2.2  Further  studies  to  define  decoaaresslon  limits 

2,2.1  Studies  by  Hawkins,  Shilling  and  Hansen  and  others  by  VanDerAue 
demonstrated  thatt 

(1)  the  faster  half-time  tissues  sometimes  control  deep  stops  even 
with  high  tissue  ratios. 

(2)  tissue  ratios  must  be  reduced  considerably  for  all  components 
in  longer  and  deeper  dives. 

(3)  the  surfacing  ratios  could  be  increased  to  the  following  values' 


half-time  (min) 

tissue  ratio 

l*(ft.) 

«.cto, 

5 

3.8il 

125 

99 

10 

3.4il 

112 

88 

20 

2.8n 

92 

73 

40 

2.2711 

75 

50 

75 

2.06ii 

68 

54 

120 

2.0011 

66 

52 

The  above  values  were  used  with  slight  modification  to  develop  the 
present  Standard  Air  Decompression  Tables. 
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2>2<2  Ratios  used  at  depth  were  projected  fron  the  surfacing  ViUues  by 
using  a  tenth-power  relationship  between  the  tissue  ratio  at  surface  and 
at  depth  of  decompression  stop  to  fit  existing  data. 

M  =  33  +  rd  -1] 

M  =  maxiawn  final  tissue  pressure  in  feet  of  sea  water 
rs  =  surfacing  ratio 
rd  =  depth  ratio  at  stop 

2.2.3  Values  for  M  in  which  only  nitrogen  is  c^onsidered  are  derived  by 
multiplying  by  79  percent  those  developed  with  air  considered  as  100 
percent  nitrogen,  or  the  absolute  pressure  of  the  exposure.  With  the 
values  for  slower  half-time  tissues  required  for  longer  and  deeper 
exposures,  the  allowable  surfacing  values  area 


half  time  (h) 

5 

10 

20 

40 

80 

120 

160 

240 

M  (ft) 

104 

88 

72 

56 

54 

52 

51 

50 

6M/A10  ft. 

•►IS 

♦16 

♦15 

♦14 

♦13 

♦12 

♦11 

♦11 

2.2.4  A  linear  projection  of  the  M  value#  to  decompressior-  stops  at  depth 
is  described  by  a  constant  additive  value  listed  as  AM/AIO  ft.  This 
projection  is  somewhat  Bk.  ^  conservative  than  values  resulting  from  the 
tenth-power  relationship  described  above.  Deeper  stops  arc  required  by 
this  method,  though  reduction  of  gradient  for  elimination  of  nitrogen 
is  not  excessive.  Dives  calculated  with  these  M  values  h^ave  been  safe 
through  a  wide  range  of  depth  and  time  of  exposure.  The  linear  projection 
)f  M  values  is  useful  for  computer  programing  as  well. 

\2.!>  The  question  as  to  why  the  fatter  half-time  tissues  permit  greater 
nert  gas  tensions  upon  surfacing  and  at  progressively  deeper  depths  than 
he  slower  tissues  aust  be  faced.  Graphical  solution  of  the  time- course 
f  inert  gas  tension  permitted  for  the  various  half-time  tissues  upon 
surfacing  shows  that  within  16  minutes  all  inert  gas  tensions  of  half- 
ime  tissues  arc  less  than,  or  equal  to,  the  value  for  the  120  minutes 
alf-tirtie  tissue.  Thus,  the  excess  saturation  time-course  is  brief  for 
11  except  the  slower  half-time  tissues.  The  same  statement  can  be  made 
01  the  inert  gas  tensions  permitted  at  the  various  decompression  stops, 
s  there  snould  be  a  time-concentratlor  course  of  probability  for  bubble 
<rffiatior.,  a  brief  time-course  of  greater  excess  saturation  may  be  as  safe 
s  a  sustained  time-course  ol  lesser  excess  saturation.  It  is  apparent 
rom  this  hypothesis  that  the  magnitude  of  permissible  excess  saturation 
ime-course  may  vary  appreciably  between  that  which  is  sustained  during 
sntinuous  ascent  and  that  which  is  periodic  with  stage  decompression. 
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2,2.6  An  important  factor  of  difference  in  permissible  tissue  tension 
values  fpr  various  half-time  tissues  may  well  be  the  greater  molar 
concentrait ton  of  inert  gas  for  some  slow  tissues  resulting  from  greater 
Solubility  of  inert  gas  in  these  tissues.  As  Molar  concentration  of  inert 
gas  Increases  in  a  tissue  the  probability  or  bubble  formation  would  increase 
upon  reduction  of  hydrostatic  pressure  as  «  greater  number  of  gas  molecules 
are  available  in  exenss  of  that  held  in  solution  at  saturation.  In  some 
measure  the  permissible  final  tissue  pressure  values  for  the  various  half¬ 
time  tissues  will  reflect  this  variable  awlar  concentration  as  a  time- 
concentration  course  permissible  to  avoid  bubble  formation  in  tissues  of 
varying  solubility  for  inert  gas. 

2.3  Further  experiments  In  oas  uptake  and  elimination 

2.3.1  Subsequent  experiments  in  uptake  and  elimination  of  nitrogen  and 
other  inert  gases  by  Behnke  and  Shaw  have  >xelded  quantitative  data  to 
validate  the  gas  exchange  processes  indicated  by  Bc^cott,  Damant  and 
Haldane^  From  data  obtained  in  a  series  of  studies  on  dogs  and  human 
subjects  they  concluded i 

(1)  that  nitrogen  absorption  it  proportional  to  the  partial 
pressure  of  nitrogen  in  the  lungs. 

(2)  that  with  the  same  pressure  head,  the  rate  of  nitrogen 
absorption  is  equal  to  the  rate  of  nitrogen  elimination. 

(3)  that  the  time  for  complete  nitrogen  elimine  ion,  and 
percentage  rate  of  nitrogen  elimination  for  correspondir.g  periods 

of  time,  are  the  same  irrespective  of  the  quantity  of  nitrogen  absorbed 
by  the  body. 

2.3.2  However,  the  precise  end-point  of  nitrogen  elimination  could  not 
be  measured  with  accuracy,  with  the  result  that  the  slowest  tissues  to 
be  considered  in  calculation  of  decompression  •ehtdu’.rs  appeared  to  be 
those  that  were  9B  ±  ^  desaturated  at  the  end  of  6  hr.  'rt.  This  led  to 
the  conclusion  that  it  was  unlikely  that  compressed  air  illness  following 
long  exposure  to  increased  pressure  resulted  from  sn  inderestimation  of 
the  tiiM  required  for  nitrogen  elimination.  Experimental  values  for  the 
nitrogen  elimination  curve  gave  further  support  to  the  multiple  tissue 
theory  of  calculation  developed  by  Haldane  by  demonstrating  the  variation 
in  distribution  of  blood  flow  in  relation  to  the  distribution  of  nitrogen 
in  the  body. 

2.4  Factors  of  difference  in  exchange  of  various  inert  oases 

2.4.1  When  trying  to  analyze  the  mechanism  of  gas  uptake  and  elimination, 
there  are  at  least  two  factors,  assuming  respiration  and  cardiac  output 
to  remain  constant,  which  govern  the  saturation  or  deaaturation  half-time 
for  non-reactive  gaseai 
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(1)  capacity  of  the  tissue  for  storage  of  gas 

(2)  effectiveness  of  gas  transport  to  and  from  the  tissues* 

It  is  obvious  that  if  a  tissue  is  continuously  perfused  by  blood,  supposing 
the  gas  to  be  carried  away  at  a  certain  rate,  the  time  required  for 
elimination  is  longer  the  greater  the  gas  content  of  the  tissue.  If 
different  gases  are  compared  for  the  same  tissue,  the  storage  capacity 
is  proportional  to  the  solubility  coefficients  for  the  gases  in  the 
tissue.  At  the  same  tiM,  the  period  for  gas  equilibration  between 
tissue  and  blood  is  shorter  the  better  the  gas  transport. 


..f 


J 

J. 


2.4.2  From  the  body  gas  exchange  curve 

Pt  *  Po  e 

Where  Pt  =  tension  of  gas  after  time  t 
Po  *  tension  of  gas  at  t  *  0 
e  «  bate  of  natural  logarithm 
k  *  constant  of  elimination 


the  value  of  k  is  found  to  not  remain  constant,  but  to  decrease 
progressively,  the  shape  of  the  curve  thus  differing  from  those  of  its 
hypothetical  and  exponential  components  each  having  its  own  constant  k. 

2.4.3  By  definition,  the  half-time  (h)  is  that  time  required  to  reduce 
Po  to  half  its  original  value.  For  each  discrete  value  of  jc,  therefore 

h  *  0.693 
k 

k-  c  X§ 

Wheret  c  a  constant  of  proportionality 

C  w  symbol  of  gas  transport  effectiveness 
S  -  solubility  coefficient  for  the  gas  in  a  tissue 

Therefore,  the  deoaturation  half-time  (h)  is  also  proportional  to  the 
iolubility  coefficient  of  the  gas  in  a  particular  tissue,  and  inversely 
Proportional  to  the  effectiveness  of  gas  transport  from  the  tissue. 

h-i  X  5 

c  C 
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2.4.4  In  highly  vascularized  tissues^  the  high  blood-tissue  perfusion 
rate  aiay  aiask  differences  in  diffusion  rates  of  inert  gases,  half-tiae 
for  different  gases  In  the  tissue  varying  only  as  deteraiined  by  the 
solubility  coefficients.  For  poorly  vascularized  tissues,  equilibration 
half-tiMS  of  different  gases  should  vary  as  deteneined  by  solubility 
coefficients  plus  diffusion  rates^ 

2.4.5  Theoretically,  the  body-exchange  curve  representing  the  rate  of 
uptake  and  elinination  of  inert  gas  by  the  body  as  a  whole  is  the  sum 
of  an  infinite  nuaiber  of  exponential  curves  with  different  haif-tines, 
each  representing  tissue  regions  with  the  same  individual  ratio  of  fat- 
fluid  content  to  efficiency  of  gas  transport.  Helium  having  a  low 
solubility  in  fat  coaq>ared  to  nitrogen  may  yield  a  shorter  half-time 

than  nitrogen  in  a  tissue  rich  in  fat  and  having  an  efficient  gas  transport. 

The  differentiation  of  an  amount  of  tissue  defineo  by  a  nitrogen  half-time 
into  several  types  of  tissue  having  different  half-times  when  another  gas 
is  substituted  for  nitrogen  is  in  accordance  with  the  results  of  Jones  et,  al., 
which  support  the  principle  that  the  varying  decay  terms  of  the  component 
exponential  expression  (e  -k^)  are  not  to  be  referred  to  as  ariatomically 
defined  phases. 

2.4.6  In  fatty  tissues  the  exchange  rates  differ  from  the  blood-tissue 
perfusion  rate  by  a  factor  of  the  ratio  blood  solubility/tissue  solubility 
of  the  gas  concerned.  Thus,  for  helium,  the  final  concentration  in  the 
fatty  tissues  will  be  less  than  for  nitrogen  when  the  exposure  is  to  the 
saaie  partial  pressure  of  these  gases  due  to  the  lower  fat  solubility  of 
helium  (rie/Nj  =  1/4.5).  However,  some  of  the  slow  tissues  may  be 
characterized  more  by  a  poor  blood-tissue  perfusion  rate  than  by  high 

fat  content,  differences  in  fat  solubility  of  the  gases  having  less 
influence  on  the  elimination  tiaw*  Thus,  the  different  kinds  of  arbitrary 
tissues  within  the  same  half-time  class  may  well  represent  different  fat- 
fluid  ratios  and  blood-tissue  perfusion  rates,  though  the  average  of  their 
ratios  is  constant.  If  helium  is  substituted  for  nitrogen,  the  classifica¬ 
tion,  which  is  a  physiological  rather  than  an  anatomical  one,  may  cause 
new  tissue  coad)inations  to  arise  with  common  half-tiate  for  this  gas. 
Theoretically,  the  arrangeoMnt  of  different  half-tia»  groups  will  remain 
unchanged  from  one  gas  to  another  only  for  gases  with  the  same  fat-water 
solubility  ratio,  as  for  argon  and  nitrogen  at  5.2/1.  Thus,  the  half¬ 
time  would  be  multiplied  by  the  ratio  of  argon/nitrogen  solub.lity 
coefficients  in  oil  and  water  (2/l). 

2.4.7  It  has  been  determined  experiaientally  that  for  helium  diving  somewhat 
deeper  decosspression  s^ops  are  required  to  prevent  bends  than  for  air  diving. 
Behnke  considered  this  to  be  due  to  the  rate  of  helium  diffusion  into  the 
blood  stream  being  more  rapid  than  for  nitrogen,  thus  making  bubble  formation 
more  likely  if  the  early  stages  of  decompression  are  too  rapid.  However, 
comparison  of  the  helium  and  nitrogen  elimination  curves  for  subjects 
demonstrates  the  quantity  of  helium  eliminated  to  be  one-third  that  of 
nitrogen  for  any  comparable  tiaie  period.  Recent  studies  of  bubble  growth 
and  resolution  in  water  have  indicated  that  the  growth  rate  of  helium 
bubbles  in  solutions  of  equal  concentrations  of  the  respective,  gases  should 
be  six  times  greater  than  for  nitrogen  bubbles.  This  is  due  to  the  lesser 
solubility  and  greater  dif fusibility  of  helium  in  either  aqueous  or  fatty 
tissues. 

RR  6-65  8 

r.  .  n  i  ii  nnmiiji, [pi,. - ^"■•■wwwiWwi 


2.5.1  Several  attenpts  have  been  made  to  develop  decoaipression  calculation 

procedures  based  upon  the  whole  body  uptiSre  and  ellieinatic).;  fox 

nitrogen  and  helium.  Behnke  devised  a  aiethod  in  which  the  quantity  of 
excess  nitrogen  taken  up  during  any  depth-tine  exposure  was  related  to 

the  percent  of  whole  body  uptake  of  nitrogen  with  tirne  on  the  whole  body 
gas  exchange  curve.  Decompression  schedules  prepared  on  the  basis  of 
this  aethod  were  not  reported. 

2.5.2  Several  workers  at  the  Royal  Naval  Physiological  Laboratory  have 
been  the  most  recent  proponents  of  this  method.  Henpleman  found  a  good 
correlation  of  the  minimal  decompression  dxves  permissible  when  air  ir. 
breathed)  to  a  constant  value  as  follows* 

k  =  dVT“ 
where*  k  =  500 

D  s  depth  in  feet  of  sea  water 
T  s  exposure  tine  in  minutes 

2.5.3  It  was  noted  that  this  method  did  not  accurately  predict  the  depth 
of  the  permissible  exposure  in  excess  of  100  minutes.  The  form  of  the 
equation  appeared  to  be  similar  to  that  for  diffusion  processes)  so  that 
further  definition  of  this  method  has  been  in  developing  equations  to 
simulate  the  diffusion  gas  exchange  process. 

2.5.4  Rashbass  further  expanded  the  developawnt  of  the  theory  of  the 
diffusion-limited  gas  exchange  process  using  modifications  of  equations 
developed  by  A.  V.  Hill  to  explain  diffusion  of  oxygen  in  various 
geometrical  models  of  tissues.  A  limit  of  30  feet  of  excess  gas 

taken  up  was  permitted  at  any  ambient  pressure.  Dive  schedules  calculated 
by  this  method  required  deeper  stops  than  conventional  air  schedules)  and 
time  spent  at  shallower  stops  tended  to  be  of  equal  length.  While  shorter 
working  dives  in  the  dry  chamber  were  reasonably  safe)  open-sea  testing 
of  these  schedules  produced  a  high  incidence  of  bends. 

2.5.5  Duffner  applied  a  similar  calculation  procedure  to  that  of 
Hempleman  in  deriving  decoag>ression  schedules  for  helium-oxygen  dives 
with  mixed  gas  scuba.  He  developed  the  following  power  function 
equation  to  fit  experimentally  detormlnod  minimal  decoppresslon  dives* 


1 


Q  -  Dkt* 


I 


■f 


>L 


Q  =  excess  heliun  in  feet  of  sea  water  *  37  ft. 

D  ~  exposure  depth  in  feet  of  sea  water 

A  ~  constant  equal  to  the  fraction  of  available 
excess  heliuai  in  feet  of  sea  water  taken  up 
when  t  =  1 

t^  =  tine  in  ninutes 


X  =  1 


Values  of  At^  from  1  to  180  ninutes  were  derived  and  presented  in 
tabular  fom.  The  tine  to  he  spent  at  a  deconpression  stop  is  detemined 
by  the  following  equation! 


t  s 


(Q  “  08)0.083 


Ds  ~  depth  of  present  stop 
DNS  s  depth  of  next  stop 


2.5.6  Deconpression  schedules  calculated  by  this  nethod  either  for  air 
or  heliuafoxygen  dives  relate  closely  to  those  derived  by  the  Rashbass 
method}  that  is,  deeper  stops  are  required,  and  the  shallower  stops  for 
longer  exposures  tend  to  be  of  the  sane  duration.  A' comparable  result 
can  be  obtained  by  use  of  a  single  half*tlne  tissue  of  60  minutes  with 
a  2  to  1  ratio  limiting,  when  the  Haldane  nethod  is  employed.  Thus,  it 
is  apparent  that  insufficient  consideration  of  slower  half-time  tissues 
representing  poorly  perfused  areas  of  the  body  is  given  by  the  diffusion- 
limited  methods  of  calculation  as  presently  constituted.  Longer  and 
deeper  dive  schedules  calculated  by  these  methods  have  proven  to  be  grossly 
inadequate  in  providing  safe  deconpreseion. 

2.6  Definitions  and  symbols 

2.6.1  Depth  (0)  is  the  vertical  distance  below  the  surface  at  any  phase 
of  the  dive.  The  units  of  depth  are  feet  of  water. 

* 

2.6.2  Absolute  depth  (A)  is  the  absolute  pressure  at  any  depth  (D)  expressed 
in  feet  of  water.  A  Is  always  33  feat  greater  than  D,  except  in  the  special 
condition  of  diving  at  other  than  sea  level,  as  in  a  mountain  laka. 
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2.6.3  The  oxygen  percentage  decimal  (X)  expresses  the  oxygen  content  of 
the  breathing  medium  during  each  phase  of  the  dive. 

2.6.4  The  inert  gas  percentage  decimal  (G)  expresses  the  Inert  gas 

]  content  of  the  breathing  aMsdium  during  any  phase  of  the  dive.  It  is 

I  derived  by  substracting  the  breathing  medium  oxygen  percentage  decimal 

(X)  from  unity  (l.OO). 

2.6.5  The  inert  gas  partial  pressure  (N)  represents  the  sum  of  the 
partial  pressures  of  all  gases  in  the  brertihing  medium  other  than 
oxygen.  N  is  derived  by  multiplying  the  absolute  depth  (A)  by  the 
inert  gas  percentage  decimal  (G) .  Special  procedures  may  require 
handling  several  inert  gases  separately,  as  in  the  calculation  of 
helium-oxygen  decompression  schedules. 

■  2.6.6  The  initial  tissue  pressure  (P)  is  the  partial  pressure  of  inert 

I  gas  in  a  tissue  at  the  start  of  any  particular  time  interval.  When  there 

I  has  been  no  dive  within  12  hours  prior  to  the  dive  being  considered,  the 
I  initial  tissue  pressure  for  sll  tissues  at  the  start  of  the  dive  is  taken 

j  as  that  in  air.  For  repetitive  dives  within  a  12  hour  period,  the  amount 

of  inert  gas  remaining  in  tissues  must  be  calculated  during  the  time 
interval  on  the  surface.  For  each  step  in  the  decompression  calculation, 
the  final  tissue  pressure  (Q)  of  one  step  becomes  the  initial  tissue 
pressure  (P)  of  the  next  step, 

2.6.7  The  differential  pressure  (E)  is  the  difference  between  the  inert 

gas  partial  pressure  (N)  of  the  breathing  medium  and  the  initial  tissue 
pressure  (P) .  (E)  represents  the  driving  force  for  inert  gas  exchange, 

being  positive  ('*')  if  (N)  is  greater  than  (P).  indicating  that  the  tissue 

{  gains  inert  gas.  The  value  of  E  is  negative  (-)  if  (N)  is  less  than  (P) , 

I  indicating  that  the  tissue  loses  inert  gas. 

2.6.8  The  tissue  pressure  change  (S)  is  the  increase  or  decrease  of  tissue 
pressure  during  a  time  interval,  resulting  from  the  existence  of  a 
differential  pressure  (E).  It  is  derived  by  multiplyino  (E)  by  the  ^ime 
function  (F)  for  the  time  interval.  (S)  is  positive  (♦)  or  negative  (-) 
according  to  the  sign  of  (E). 

2.6.9  The  final  tissue  pressure  (Q)  Is  the  partial  pressure  of  inert  gas 

in  the  tissue  at  the  end  of  a  time  interval.  (Q)  is  the  sum  of  (P)  and 
(S).  (Q)  for  one  interval  becomes  (P)  for  the  next  Interval, 

<  2.6.10  The  time  interval  (T)  is  the  duration  in  minutes  of  any  specific 

I  phase  of  the  dive  considered.  These  phases  are  usually  taken  as  (l)  the 

I  exposure  (2)  the  ascent  (3)  the  first  stop  (4)  each  of  the  subsequent 
stops  (5)  in  repetitive  dives,  the  surface  interval. 
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2.6.11  The  exposure  time  interval  includes  both  time  of  descent  and  time 
at  depth.  Unless  descent  is  slower  than  the  normal  rate,  there  is  no 
separate  calculation  for  descent  time. 

2.6.12  The  ascent  time  interval  d«P«nds  on  the  depth  of  the  first  stop 
and  the  rate  of  ascent.  In  standard  diving  practica  the  rate  is  60  feet 
per  minute  or  less. 

2.6.13  The  time  interval  (T)  at  each  stop  depends  on  the  length  of  time 
required  to  desaturate  the  “controlling  tissue*  to  a  (Q)  equal  to  or  less 
than  the  maximum  tissue  pressure  (M)  permitted  for  the  next  stop. 

2.6.14  The  surface  time  interval  must  be  considered  when  it  is  less  than 
12  hours  to  the  next  dive.  The  (Q)  at  the  end  of  the  surface  interval  is 
the  (P)  for  the  next  exposure. 

2.6.16  Saturation  is  the  process  of  gaining  inert  gas  during  exposure  to 
a  positive  differential  pressure  (E).  The  process  is  complete  when  (Q) 
equals  (N)  in  the  breathing  medium. 

2.6.16  Desaturation  is  the  process  of  losing  inert  gas  during  exposure 

to  a  negative  differential  pressure  (E).  This  is  complete  when  (Q)  equals 
(N)  in  air  at  the  surface. 

2.6.17  The  tissue  half-time  (H)  is  the  specific  time  interval  (T)  required 
to  produce  a  tissue  pressure  change  (S)  equal  to  half  of  the  differential 
presmire  (E)  acting  at  the  beginning  of  the  interval.  In  calculations, 
tissues  are  designated  by  their  half-time.  The  body  is  probably  composed 
of  an  infinite  nuaiber  of  tissues  with  half-time  from  zero  to  240  minutes 
or  more.  For  calculations  the  range  of  tissues  is  saopled  in  a  geometrical 
progression  of  half-times  consisting  of  5,  10,  20,  40,  80,  120,  160,  200 
and  240  minutes.  A  40  minute  increment  of  half-time  tissues  is  used  in 
excess  of  40  minutes  half-time  to  insure  adequate  sampling  of  time 
obligation  for  decompression. 

2.6.18  The  time  unit  (U)  is  the  number  of  half-times  in  a  given  time 
interval  (T)  for  a  tissue  with  a  specific  half-time  (H) .  It  is  therefore 
the  ratio  (T/^)  of  the  time  interval  to  the  half-time  of  the  tissue,  and 
is  dimensionless.  The  time  unit  (U)  is  different  for  each  tissue  half¬ 
time  (H)  being  considered  for  a  given  time  interval  (T).  The  time  unit 
normally  ranges  from  0.000  to  6.000,  and  is  related  to  the  time  function 
(F)  as  followst 


F  »  1  -  1/2^ 

Tables  of  time  unit  against  time  function,  and  tisie  function  against 
time  intervals  for  specific  half-times  are  used  in  calculations. 
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2.5.19  The  tine  function  (F)  is  the  ratio  of  the  amount  of  change  (S) 
to  the  differential  pressure  (E).  When  a  diffeiential  pressure (E)  acts 
on  a  given  half-time  tissue,  the  initial  tissue  pressu;:e  (P)  changes  by 
a  specific  amount  (S)  in  any  given  time  interval  (t).  The  total  amount 
of  change  (S)  increases  with  the  time  interval  (T),  so  that  the  tine 
function  (F)  also  increases.  The  value  varies  from  0.000  to  1.000  in  a 
special  relation  to  the  time  unit. 

2.6.20  Since  F  =  S/E,  then  S  =  FE.  Thus,  the  amount  of  change  in  tissue 
pressure  for  a  specific  time  interval  can  be  determined.  During  decompres¬ 
sion  a  certain  amount  of  tissue  pressure  change  (S)  must  occur  during  the 
time  interval  (T)  to  reduce  the  final  tissue  pressure  (Q)  to  within  limiting 
values  of  (M) ,  so  that  depth  can  be  decreased  by  ten  feet  to  the  next  stop. 
The  time  interval  required  is  determined  from  the  relationship  F  =  S/fe. 

2.6.21  The  maximum  tissue  pressure  (M)  is  the  greatest  partial  pressure 
of  inert  gas  in  a  specific  tissue  which  will  not  permit  bubbles  to  form 
in  the  tissue  at  a  given  absolute  pressure.  The  values  of  (M)  for  each 
half-time  tissue  ..nd  depth  of  decompression  stop  are  tabulated  for 
convenience  in  calculation.  The  final  tissue  pressure  (Q)  must  fall  to 
or  below  the  values  of  (M)  for  the  next  stop  before  ascent  to  that  stop, 

2.6.22  Values  of  (M)  are  derived  from  safe  minimal  decompression  exposures 
of  variable  depth  and  time  to  the  inert  gas  mixture  being  considered,  as 
air  or  helium-oxygen.  From  these  exposures,  the  value  of  (Q)  upon  surfacing 
is  calculated  for  each  half-tiaw  tissue  to  derive  the  maximum  permissible 
values  of  Q  ~  M.  As  discussed  previously,  the  values  of  (M)  could  not  be 
safely  projected  for  decompression  stops  on  the  basis  of  a  constant  ratio 

to  ambient  pressure  as  indicated  by  Haldane.  Following  a  considerable 
amount  of  evaluation  of  experimental  dives,  a  method  of  projecting  (M) 
values  to  depth  of  stops  with  a  constant  factor  of  increase  per  10  feet 
depth  change  has  been  developed.  This  relates  closely  to  the  tenth-power 
relationship  of  surface  to  depth  ratio  of  Dwyer,  but  permits  greater 
flexibility.  The  rate  of  change  of  values  of  (M)  with  absolute  depth 
varies  with  the  inert  gas  breathed,  as  also  do  the  permissible  surfacing 
values.  Thus,  values  of  (M)  for  air  dives  do  not  provide  sufficient  depth 
of  decompression  stops  for  helium  dives  (Tables  N  and  H). 

2.6.23  Supersaturation  is  an  unstable  state  occurring  when  the  initial 
tissue  tension  (P)  exceeds  a  value  of  the  inert  gas  partial  pressure  (N) , 
which  represents  the  maximum  equilibration  state  of  the  oas  in  a  tissue 
at  the  absolute  pressure.  The  maximum  tissue  pressure  (M)  allowable 

at  any  given  absolute  depth  is  a  value  exceeding  (N)  such  that  the  tissue 
will  not  release  inert  gas  in  the  form  of  bubbles.  The  .nitial  tissue 
pressure  (P)  is  always  greater  than  (N) ,  such  that  the  differential 
pressure  (E)  is  algebraically  negative,  and  the  tissue  will  lose  inert  gas. 
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2.6»24  The  controlling  tissue  for  ascent  is  that  which  mst  stop  at  the 
greatest  depth  to  avoid  bubble  fcmation,  and  for  a  given  stop  is  that 
which  requires  the  longest  time  to  desaturate  to  the  naxiaun  tissue 
pressure  (M)  permitted  at  the  next  stop.  At  a  given  deconpression  stop 
sosie  initial  tissue  pressures  (F)  will  be  greater  than  the  cc7respcndir>g 
■axieur  tissue  pressures  (M)  permitted  at  the  next  stop.  Each  final 
tissue  pressure  (O)  asist  be  equal  to  or  less  than  the  ■axiaua  tissue 
pressure  (M)  for  the  next  stop  before  the  tissue  can  ascend  to  that  stop. 

2.7  Theory  of  exponential  saturation 

2.7.1  The  need  for  decosipression  arises  when  tissue  saturation  with  inert 
gas  reaches  the  point  that  the  tissue  can  no  longer  surface  directly  with¬ 
out  bubble  formation.  This  Is  necessary  for  saturation  dives  on  air 
exceeding  33  feet,  and  37  feet  when  80  -  2C3dt  He02  is  breathed. 

2.7.2  Final  tissue  pressure  (Q)  at  the  end  of  any  time  interval  (T)  is 
the  sum  of  the  initial  tissue  pressure  (P)  and  the  tissue  pressure  change 
(S)  during  the  interval. 


Q  =  P  S 

2.7.3  Initial  tissue  pressure  (P)  at  the  start  of  an  interval  is  the 
final  tissue  pressure  iO)  for  the  preceding  interval. 

P2*  Qi 

2.7.4  Tissue  pressure  change  (S)  during  an  interval  depends  on  the 
existence  of  a  differential  pressure  (E)  and  the  exponential  function  (F) 
of  the  time  interval  (T).  The  tissue  pressure  change  (S)  is  the  product 
of  the  time  function  (F)  and  the  differential  pressure  (E). 

S  s  (F)(E) 

2.7.5  The  differential  pressure  (E)  is  the  difference  between  the  inert 
gas  partial  pressure  (N)  to  which  the  tissue  Is  exposed  and  the  initial 
tlaaue  prtaaure  (P)  at  the  start  of  the  exposure. 

E  s  N  -  P 

2.7.6  The  time  function  (F)  is  a  specific  exponential  function  of  tha 
time  unit  (U). 


F  «  1  -  1/2“ 
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2.7.7  The  tine  unit  (U)  is 
helf  tine  (H) . 


i 
t 
i 

2.7.8  The  entire  theoTy  of 
A  in  a  single  equation  as  followst 


=  P  (F)(E) 

*  P  (1  -  l/2’J)E 

=  P  (l  -  1/2U)  (N  -  P) 

=  P  +  (i  -  l/£  J  )  (N  -  P) 

2.8  Theory  of  control  of  excess  saturation  of  tissues 


the  ratio  of  the  tine  Interval  \T)  to  the 


U  =  r/H 

exponential  tissue  saturation  can  be  expressed 


2.8.1  A  tissue  can  hold  some  aa»unt  of  dissolved  inert  gas  in  supers,  jra- 
tion.  The  amount  depends  on  the  absolute  pressure  around  the  tissue. 

Haldane  considered  the  ratio  of  maximum  tissue  pressure  (M)  to  absolute  , 

depth  (A)  to  be  a  constant  for  all  half-time  tissues.  Prior  discussion 
has  considered  the  application  of  a  relftive  relationship  o^  (M)  >(A/  ^ 

dependent  on  (A;  and  the  specific  half-time  tissue  (H) .  a 

fi 

2.8.2  A  tissue  gains  inert  gas  during  a  dive.  At  tne  end  of  tne  dive, 

the  absolute  depth  to  which  the  tissue  can  ascend  is  determined  by  the 

tissue  pressure  at  the  end  of  ascent.  Va.luts  of  maximum  allowable  tissue 
pressure  (M)  at  10  foot  increments  of  stops  are  '•resented  in  tabular  form 
for  both  nitrogen-oxygen  and  helium-oxygen  dives.  (Tables  N  and  H) , 

2.8.3  ^t  each  decompression  stop  the  controlling  tissue  determines  the 

time  interval  (T)  for  the  stop.  The  final  tissue  pressure  (Q)  must  be 

I  equal  to  or  less  than  the  value  of  (M)  for  that  tissu*  permitted  at  the 

next  stop  before  ell  tissues  may  ascend  to  that  stop.  ^ 

Q  ^  M  11 

!  2.8aA  The  minimum  tissue  pressure  chengt  Bin)  required  at  a  stop  Is  ^ 

at  least  the  difference  between  the  Initial  tissue  pressure  (P)  and  the 
value  of  (M)  at  the  next  stop*  ' 

•  .S  s' 

•  min  *  M  -  P  i; 
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2.8.5  The  differei'itlel  pressure  (E)  for  the  c.’^rtrolling  tissue  is* 

E  =  N  -  P 

Both  (S)  and  (E)  are  algebraically  negative.  The  ratio  (S/E)  of 
the  required  tissue  pressure  change  to  the  acting  differential  pressure 
is  the  least  value  of  the  time  function  ;oy  the  controlling  tissue  at  a 

given  stop. 


F  min  ==  S  min/^ 

The  least  time  function  (F  min)  corresponds  to  some  minimum  time 
unit  (U  min)  and  to  some  minimum  time  interval  (T  min;  for  the  cortrolling 
tissue  half-time  (H) . 

2.8.6  Control  generally  shifts  from  the  faster  to  slower  half-time  tissues 
during  decompression.  During  the  deeper  stores  the  slow  tissues  frequently 
have  positive  values  of  (E)  and  continue  to  gain  gas  at  these  stops. 
Subsequent  requirement  to  lose  gas  places  these  slower  tissues  In  control 
at  the  shallower  stops. 

2.8.7  Table  U  is  a  tabulation  of  time  function  (F)  against  time  unit  (U). 
Valvies  of  (F)  are  given  to  three  decimal  places,  and  (U)  to  two  decimal 
places.  The  left-hand  column  shows  the  integer  and  the  first  decimal  of 
the  time  unit.  The  other  columns  are  headed  by  the  second  decimal  of  the 
time  unit,  and  show  the  corresponding  time  function. 

2.8.8  Table  T  is  a  tabulation  of  time  interval  (T)  in  minutes  from  1  to 
150  and  time  function  (F)  for  the  various  half-time  tissues. 


2.9  PttggBKSiiOR  MlguiaUga  yfliJiilugt 


2,9.1  Minimal  calculation  of  decompression  requires  handling  the  several 
tissues  siiMltancously.  This  is  aided  by  use  of  the  worksheet  on  which 
the  entire  dive  Is  divided  irto  several  steps  (Figure  l). 


(1)  Exposure 

(2)  Trial  first  stop  and  ascent 

(3)  First  stop 

(4)  Succeeding  stops 

(5)  Surface  interval 
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;5  2.9.2  Thf.  top  section  is  for  ambient  conditions  for  any  phase  of  the  dive, 
Ui.cluding  D,  A,  N  and  T.  The  other  sections  are  divided  into  U,  F,  E,  P, 
vS,  Q,  and  M.  A  special  section  box  (G)  is  provided,  though  this  may  vary 
with  the  breathing  mixture  during  the  dive.  Box  (H)  provides  for  six 
.different  half-times  to  be  considered  (Figure  l) , 

3.  PROCEDURE 

3.1  Calculation  of  decompression  schedules 

3.1.1  The  various  components  of  the  calculation  required  to  derive  the 
final  tissue  tension  (Q)  for  each  step  of  the  dive  have  been  defined  in 
prior  discussion. 

3.1.2  Where 

Q  =  P  +  S 
P  =  N  =  G  X  A 

when  there  has  been  no  previous  pressure  exposure  for  24  hours. 

The  inert  gas  partial  pressure  of  the  breathing  medium  (N)  at  each 
phase  of  the  dive  is  derived  slmilarlyi 

N  =  G  X  A 

3.1.3  The  time  function  (F)  is  then  determined  for  the  exposure  period 

time  interval  (T)  from  Table  T,  or  Table  U,  if  this  exceeds  IbO  minutes. 

3.1.4  E  can  then  be  determined  from  N  -  P,  as  these  values  are  known. 

3.1.5  S  Is  then  determined  from  FE,  the  algebraic  sign  being  observed. 

3.1.6  Q  then  equals  P  8,  added  algebraically  for  each  half-time  tissue 
at  each  step  of  the  dive. 

'  3.1.7  Depth  of  first  stop  is  determined  for  (Q)  resulting  from  the  time 

;  interval  (T)  accrued  at  60  fpm  ascent. 

\ 

1  3.1.8  The  value  of  (N)  Is  determined  as  the  mean  value  between  that  of 
I  the  exposure  depth  and  that  of  the  first  atop. 

i  3.1.9  A  trial  first  stop  is  evaluated  by  comparing  values  of  (P)  at 
j  beginning  o*  ascent  to  values  of  (W)  for  the  various  half-time  tissues. 

I  3.1.10  IcM  resulting  (Q)  values  after  ascent,  as  effected  by  change  (S)  * 
j  FE,  must  be  eoual  to  or  leas  than  the  value  of  (H)  for  each  half-tlm# 

I  tissue,  (Table  N  and  H) 
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3.1.11  The  time  interval  (T)  required  at  each  stop  is  determined  from  the 
expression  F  =  S/B  where  S  =  P  -  M,  the  change  in  (P)  required  to  reduce 
it  to  ii  value  equal  to  or  less  than  M  permitted  at  the  next  stop  ten  feet 
shallower  for  all  half-time  tissues  (H) . 

3.1.12  The  time  interval  (T)  is  thus  calculated  for  each  subsequent 
decompression  stop  until  the  surfacing  value  of  (M)  is  reached  and  ascent 
to  the  surface  permitted. 

3.1.13  Calculation  of  the  surface  time  interval  (T)  is  necessary  in  the 
analysis  of  repetitive  dives,  to  determine  the  initial  tissue  pressure 
(P)  at  the  start  of  succeeding  dives.  The  procedr-ire  is  identical  to  that 
described,  with  the  initial  tissue  pressure  (P)  being  the  final  tissue 
pressure  (Q)  upon  surfacing  from  the  preceding  dive. 

3.2  CaKui^uofi  wgiAatifigi 

3.2.1  A  sample  calculation  worksheet  is  included  as  Figure  2  to  demonstrate 
a  sample  calculation  for  a  180  foot-30  minute  air  dive.  Values  of  M  for 
nitrogen-oxygen  dives  from  Table  1  are  used. 

3.2.2  Figure  3  demonstrates  the  calculation  proceaures  used  for  a  200  foot 
30  minute  helium-oxygen  dive  in  which  Tb  -  25i(  He02  ii  breathed  during  the 
exposure  and  ascent  to  a  depth  of  50  feet,  where  oxygen  decompression  Is 
begun  until  surfacing  is  permitted.  Table  2  gives  values  of  M  for  helium- 
oxygen  dives. 

3.3  Calculation  of  oxvaen  decompression 

3.3.1  Oxygen  decompression  is  usually  considered  to  be  80%  efficient  due 
to  leakage  of  air  or  helium  into  the  mask.  Thus,  in  deriving  N  »  ga, 

G  ^  0.2  as  the  inert  gas  fraction.  When  oxygen  is  breathed  at  one  or 
store  atmospheres  pressure  for  in  excess  of  30  minutes,  some  reduction 
in  tissue  perfusion  occurs  to  effectively  prolong  the  time  required  to 
eliminate  inert  gas  from  the  tissue.  Reduction  of  tissue  perfusion  by 
25  percent  will  require  133  percent  of  the  time  to  accomplish  the  same 
perfusion  for  each  half-time  tissue.  This  factor  may  be  applied  to  the 
time  interval  (T)  derived  by  the  regular  calculation  procedure  when 
oxygen  breathing  Is  sustained  for  30  minutes  or  more. 

3.4  Calculation  of  decompression  for  deeper  working  dives 

3.4.1  It  is  also  recognized  that  inert  gas  uptake  during  work  will  be 
greater  than  during  rest  due  to  increased  cardiac  output  and  tissue 
perfusion.  Elimination  of  inert  gas  during  rest  periods  will  also  be 
more  prolonged  than  during  work.  Determination  of  M  values  for  working 
dives  dees  provide  for  the  difference  in  inert  gas  uptake  in  some  measure. 
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3.4.2  However,  ai  the  depth  of  the  dive  increase!,  the  differential 
pressure  (E)  becooMS  greater  than  for  miniaal  decoaipression  dives  for 
which  surfacing  M  values  are  derived.  It  appears  that  for  dives  in 
excess  of  200  feet,  soa*  factor  ssust  be  aultlplied  by  the  ti»e  interval 
of  the  exposure  to  provide  for  the  additional  inert  gas  uptake  with  work. 
A  factor  of  1.5  provides  well  for  aany  dives  tested,  though  a  factor  of 
2.0  was  used  in  calculation  of  the  heliuar'Oxygen  schedules  in  the  present 
diving  aiinual. 


4.  RESULTS 


4.1  Decosjoression  Schedules 

4.1.1  Upon  coapletion  of  the  calculations  for  the  ten  foot  stop,  tabulate 
the  data  for  the  decoapression  schedules  as  followss 

Decoaprtssion 

Bottoa  stop  (ain) 

tiae  Tiae  to  first  (ft)  Total  Ascent 

Depth  (ft)  (alri  stop  (ain) _ _ 30— ,  -20 - LQ - tiM  (tin) 

200  30  2.7  2  9  22  37  73 

Breathing  mixture i  air  (79  -  2lX  Nitrogen-oxygen) 

(1)  For  the  dive  exposure  show  the  depth  and  time 

(2)  For  the  accent  show  the  tiste  to  the  nearest  tenth  of  a  minute 

(3)  For  the  decoapression  stops  show  the  depth  In  feet  and  tiae  in  alnutes 

(4)  Show  the  total  ascent  tlaw  in  ainutes 

(5)  Show  the  breathing  mixture  percentage  of  inert  gas  and  oxygen.  If  this 
changes  during  the  exposure  period  or  et  decoapression  stops,  this  aust  be 
noted  at  these  depth  end  times. 

5.  DIlCUttlON 


5.1  Other  methods 

5.1.1  Several  other  methods  can  be  used  to  calculate  decompression  schedules. 
No  attempt  has  been  made  to  present  all  the  possible  methods  or  to  assess  these 
critically.  All  those  based  on  Haldane's  theories  give  similar  results,  vary¬ 
ing  only  with  the  controlling  limits  of  excess  saturation  permitted  at  various 
ambient  pressures,  when  the  same  breathing  mixtures  are  employed. 


5.1.2  The  necessity  to  consider  longer  half^tidie  tissues  for  deeper 
and  longer  exposures  has  only  recently  becoae  apparent.  This  has 
been  necessary  for  heliua^-oxygen  dives,  ss  «^11  as  those  in  which 
nitrogen-oxygen  aiixtures  are  breathed.  For  the  siost  part,  dive 
exposures  have  not  been  of  sufficient  magnitude  to  test  this 
requirement  until  recently.  This  is  only  a  necessary  modification 
to  the  basic  method  devised  by  Haldane. 

5.1.3  Testing  of  dive  schedules  developed  by  the  mcthoos  employing  a 
diffusion-limited  inert  gas  exchange  formulation  have  been  the  only 
others  considered  adequate  to  permit  a  judgment.  For  the  stost  part 
the  results  have  not  Iwen  as  satisfactory  as  the  schedules  developed 
by  the  Haldane  Mthod,  at  aK>difled  for  use  by  the  U.  S.  Navy.  It  is 
possible  that  further  effort  with  the  former  method  may  be  more 
rewarding. 

5.1.4  Continuous  ascent  decompression  can  be  calculated  by  the  method 
presented,  as  well  as  stage  decoaipression.  The  mean  absolute  depth  (A) 
and  inert  gas  partial  pressure  (N)  of  the  breathing  swdium  is  calculated 
for  the  increment  of  depth  change  considered.  The  time  required  fox  the 
controlling  tissue  to  lose  a  sufficient  amount  of  inert  gas  to  ascend  to 
the  depth  desired  is  then  celculsted.  The  procedure  is  followed  until 
the  surface  is  reached. 

5.1.5  Control  of  continuous  ascent  is  possible  in  the  decompression 
chamber  after  transfer  of  the  diver  under  pressure  from  the  submersible 
decompression  chamber.  It  is  not  possible  In  the  water  unless  conditions 
are  optimal  for  accurate  depth  keeping,  which  Is  seldom  the  situation  in 
open  sea  diving. 

5.1.6  There  are  several  theoretical  advantages  of  continuous  ascent 
decompression  over  the  stage  method.  First,  the  maximum  safe  gradient 
(E)  for  elimination  ef  inert  gas  can  be  maintained  to  result  in  reduction 
of  decompression  time  required  for  the  same  dive  exposure.  The  greatest 
time  saving  occurs  in  decompression  from  saturation  dives,  where  the 
slowest  half-time  tissue  controls.  Maintenance  of  the  maximum  safe 
gradient  will  permit  elimination  of  tho  oxcosi  Inort  gat  In  about  ont- 
fourth  tho  time  roqulrod  by  tho  stag#  mothod  undor  such  conditions. 
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5.2  Inadeomcies  of  decoBDrcsslon  predlctiop 


5.2.1  The  present  information  concerning  concentration  of  various  inert  ^ 

gases  at  anatosical  sites  during  the  elimination  time-course  is  quite  T 

inadequate.  Whole  body  inert  gas  elimination  studies  of  exhaled  gas  are 

not  particularly  helpful  ^n  further  defining  this  information.  Increasing 
refinements  of  this  technique  are  also  unlikely  to  produce  information 
that  is  particularly  helpful.  Data  needed  can  only  be  derived  from  inert 
gases  which  are  tagged  with  radioactive  tracers.  Unfortunately*  the  gases 
of  Interest,  nitrogen  and  helium,  do  not  have  isotopes  of  sufficient  half- 
life  to  make  this  a  useful  method.  Since  the  gases  with  longer  isotope 
half-life  as  xenon  and  kryton  have  much  greater  solubility  coefficients 
in  tissues  than  nitrogen  and  helium,  their  tissue  concentrations  are  not 
apt  to  be  predictive  of  those  of  the  respirable  gases  of  interest.  Thus, 
much  dependence  is  still  placed  on  design  of  decompression  studies  to 
attempt  to  define  permissible  inert  gas  tiaie-cor rentration  course  in 
tissues  during  dive  exposures. 

5.2.2  Since  quantitation  of  decompression  adequacy  is  still  dependent 
primarily  on  presence  or  absence  of  symptoms  related  to  decompression 
sickness,  definition  is  only  relatively  gross.  Ultrasonic  methods  of 

bubble  detection  in  vivo  and  in  vitro  are  being  explored  to  permit  ^ 

better  definition  of  decompression  adequacy,  but  this  is  still  in  its 
early  stages.  Observation  of  micro-circulation  of  the  bulbar  conjunctiva 
to  detect  changes  in  circulation,  presence  of  intra-vascular  agglutination, 
and  possible  presence  of  bubbles  presents  another  possibility  for  quantitation, 
but  this  too  is  in  an  early  stage  oiF  investigation. 

5.2.3  Evaluation  of  decompression  schedules  is  greatly  compllcateo  by 
marked  intra  and  inter- individual  differences  in  susceptibility  to 
decompression  sickness.  Little  is  known  of  the  mechanisms  involved. 

A  definite  acclimatization  occurs  in  caisson  workers  and  divers  through  i,; 

repeated  exposure  to  pressure.  Coincidental  to  these  exposures  may  be 
a  significant  increase  in  physical  conditioning  with  the  work  involved 
to  improve  cardiac  output  and  tissue  perfusion  efficiency.  An  improvement 
of  these  factors  should  facilitate  inert  gas  exchange  efficiency,  to  tl.us 
reduce  the  excess  saturation  time-course  of  inert  gas  in  tissues  and  decrease 
the  probability  for  bubble  formation.  Excess  fatigue  and  relative  ill-health 
in  divers  has  been  observed  to  increase  the  risk  of  bends  following  schedules  i| 
which  have  been  safe  on  other  occasions.  Factors  decreasing  tissue  perfusion 
such  as  exposure  to  cold  or  PO2  of  one  atmosphere  or  store  during  the  depth 
exposure  and  decompression,  may  alsc  is^ortan^  oart  in  prolonging 

the  inert  gas  elimination  such  that  prediction  in  the  ■;^ulation  procedure 
is  grossly  impaired.  It  is  apparent  that  such  variabiiWs  impose  severe  | 

constraints  on  any  method  of  calculation  to  provide  adequate  decompression  : 
schedules.  h 


5.3  Validity 


5.3.1  The  Multiple  tissue  theory  and  the  half-tlM  exponential  saturation 
theory  have  received  crlticisa  because  the  resultant  decoepression  schedules 
are  not  always  satisfactory.  This  Is  particular  true  of  the  schedules  for 
Irng,  deep  dives.  However «  no  other  Method  has  yet  produced  coMparably 
satisfactory  decompression  schedules  with  such  a  low  overall  incidence  of 
decoHpression  sickness. 

5.3.2  A  recent  review  of  air  and  heliun  dives  in  the  U.  S.  Navy  requiring 
decoHpression  over  a  recent  two  year  period  gave  an  incidence  of  0.69^  and 
O.830K  bends*  respectively.  When  it  is  considered  that  hundreds  of  no 
decoMpression  dives  were  not  included*  and  that  not  all  the  dive  records 
were  available*  but  thst  the  reports  of  decosipression  sickness  were  available* 
this  is  a  soawwhat  conservative  estimate.  Considering  all  the  possible 
variables*  it  seems  unlikely  that  very  great  improvement  in  the  calculation 
procedure  to  provide  safer  schedules  can  be  expected. 

6.  CONCLUSIONB 


6.1  Conclusions 

(1)  This  report  provides  background  information  on  the  development  of  the 
Haldane  method  of  decompression  calculation  as  modified  for  use  by  the 

U.  S.  Navy. 

(2)  Other  methods  of  decompression  calculation  developed  in  recent  years 
are  reviewed  and  appraised  in  reference  to  that  described  above. 

(3)  The  step  by  step  procedure  of  calculation  exployed  is  detailed  as  it 
implements  the  application  of  the  theory*  Ixamples  of  calculations  of 
dive  schedules  are  presented  for  both'  sir  and  helium^oxygen  dives. 

6.2  fiirn— nflitlnni 

(1)  Computer  programs  have  already  been  developed  employing  the  basic  format 
presented  here.  As  the  dive  schedules  calculated  are  tested*  report  the 
results  of  these  evaluations  with  any  modifications  of  the  calculation 
procedure  required  to  produce  safe  schedules. 

(2)  That  this  report  be  used  for  instruction  to  acquaint  personnel  with 
the  theoretical  basis  of  decompression  calculations  and  to  guide  them  in 
calculating  dive  schedules* 

(3)  That  this  report  be  revised  or  superceded  as  a  text  as  this  becomes 
necessary. 
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^  7.  FIGURES  AM)  APPENDICES 

7.1  Fjqyrgs 


7*1.1  Figure  1  is  a  worksheet  for  the  calculation  of  decoaipression 
schedules.  The  use  of  the  worksheet  and  definition  of  syeibols<  Is 
described  in  the  text. 

7.1.2  Figure  2  is  a  saaiple  decoaipression  calculation  of  a  180  foot- 
30  aiinute  dive  on  air  using  the  worksheet  in  figure  1. 

7.1 o3  Figure  3  is  a  saaple  decoapression  calculation  of  a  200  foot- 
30  Minute  dive  on  75-2591^  heliua-oxygen  using  the  worksheet  in  figure  1. 

7.2  Appendicea 

7.2.1  Appendix  A  presents  Table  U,  a  tabulation  of  the  tiae  function 
against  the  tiae  unit. 

7.2.2  Appendix  B  presents  Table  a  tabulation  of  the  tiae  function 
against  the  tiae  interval  for  various  tissue  half-time. 

7.2.3  Appendix  C  presents  Table  K,  a  coapilation  of  aaxiaua  allowable 
tissue  tensions  (M)  at  decoapression  stops  for  nitrogen-oxygen  dives. 

7.2.4  Appendix  0  presents  Table  Ut  a  coapilation  of  maxiaum  allowable 
tissue  tensions  (M)  at  decoapression  stops  for  heliua-oxygen  dives. 

7.2.b  Appendix  E  presents  Table  a  coapilation  of  aaxiaua  allowable 
tissue  tension  (M)  at  decoapression  stops  for  air  dives^  based  on  a 
10th  power  relationship  of  surface  and  depth  ratios,  used  in  calculation 
of  the  U.  t*  Navy  Standard  Air  Oeceapressien  Tables. 
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APPENDIX  A 
TABLE  U 

'I'MHEK-PUa  TIM  FUNCTIONS 

m  Tim  uMiTs  mm  o.oo  to  5.99 
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TIkC  FUNCTIONS 

(reRCENTASE  DECIMAL) 
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336 

264 

218 

185 

72 

918 

712 

464 

340 

268 

221 

18* 

73 

920 

717 

469 

342 

27! 

224 

190 

74 

922 

722 

473 

347 

274 

226 

192 

n 

925 

727 

478 

362 

£L 

229 

J»4 

TABLE  T 


EXPOSURE 

TISSUE  HALF  TIME  (Mmules) 

TIME 

1 

MINUTES 

20 

40 

120 

160 

200 

240. 

76 

927 

732 

482 

354 

2a) 

.232 

,i97“ 

77 

930 

736 

487 

359 

284 

235 

199 

78 

932 

741 

49! 

362 

287 

23/ 

20' 

79 

a34 

745 

495 

368 

289 

240 

203 

80 

937 

750 

500 

373 

29? 

242 

20£ 

81 

939 

754 

,505 

374 

?9f 

‘  245 

208 

82 

941 

758 

508 

377 

?99 

247 

0  ■) 

83 

943 

763 

512 

331 

X2 

,  2  50 

2  2 

84 

945 

766 

5i6 

384 

.X5 

,.253 

2:5  1 

85 

947 

770 

52 1 

387 

306 

206 

217 

86 

949 

//L 

524 

9; 

30 

!?5R 

2'9  1 

87 

951 

.778 

528 

395 

3i3 

,261 

222 

88 

953 

762 

,533 

399 

317 

263 

22' 

89 

955 

786 

537 

402 

.319 

266 

9C 

956 

790 

541 

405 

323 

268 

225 

91 

957 

794 

545 

406 

325 

271 

231  { 

•92 

959 

797- 

550 

411 

328 

273 

233 

93 

959 

797 

554 

415 

332 

,275 

235  1 

94 

960 

804 

557 

4.9 

334 

278 

237  i 

95 

962 

307 

561 

423 

537 

28' 

1C  1 

96 

963 

8il 

555 

4?5 

340 

283 

_4  ; 

964 

814 

569 

4?R 

34? 

285 

24t 

98 

965 

8l7 

.5/3 

431 

346 

288 

248, 

99 

966 

820 

.576 

435 

348 

291 

249,1 

100 

96/ 

8^4 

580 

439 

352 

293 

,250. 

101 

968 

826 

584 

442 

355 

2  35 

253! 

102 

970 

.836 

445 

357 

290 

25t  ■ 

103 

971 

832 

59' 

4;8 

359 

Xi 

25/ j 

104 

972 

835 

594 

451 

363 

303 

259 

105 

973 

838 

597 

455 

365 

305 

2.-  •-  ■ 

106 

974 

841 

SOI 

458 

368 

X7 

?«:  ', 

107 

976 

044 

605 

46* 

371 

3iC 

C  ' 

108 

977 

847 

608 

463 

374 

32 

I 

109 

9/7 

849 

611 

466 

377 

314 

2/,:  i 

no 

978 

652 

615 

469 

379 

3i7 

,27: 

III 

979 

854 

618 

472 

?8I 

.  'i  ' 

112 

a80 

85/ 

622 

476 

364 

7  • 

;.  7 i 

113 

980 

659 

625 

479 

ib'-" 

:• 

114 

yui 

862 

628 

432 

.390 

32C 

:  ! 

115 

982 

864 

631 

484 

392 

328 

c'  ^  Vj 

116 

902 

PRO 

634 

48.7 

395 

3 '3 

117 

aos 

8‘;.3 

^-•7 

49 1 

399 

■,  i 

lie 

984 

8/0 

640 

494 

40C, 

,33- 

119 

984 

873 

644 

49/ 

403 

3-38 

'1  ! 

120 

985 

8/5 

64/ 

500 

405 

340 

L"*.  'll 

121 

877 

6%’ 

503 

407 

34  7 

t 

122 

880 

653 

506 

4r 

34i 

123 

882 

656 

509 

4'? 

124 

884 

6‘9 

,51? 

34% 

/.  ' ; 

125 

886 

662 

515 

4i8 

35 

126 

127 

m 

665 

668 

5^0 

42l 

4?4 

?64 

,’'.4  : 

I2S 

892 

670 

523 

426 

y  ' ' 

129 

894 

673 

S?5 

428 

36' 

1 ., 

130 

895 

676 

528 

431 

363 

131 

898 

679 

531 

433 

365 

i' ! 

132 

899 

682 

533 

436 

/.e’ 

>  7  i' 

133 

900 

685; 

536 

438 

37C  1 

v  ,  1 

134 

90? 

687 

5,39 

440 

57:  , 

K' 

135 

904 

6901 

642  ! 

443 

37a  1 

»  '.  / 

136 

906 

693 

545 

4451 

376  ' 

a  ,1 

137 

908 

6951 

547 

447 

378  ( 

138 

909 

,698 

550 

450 

iy:- 

- 

139 

910 

701  1 

552 

4521 

387 

t  f  ■ 

140 

912 

703 1 

555  1 

4551 

384  1 

il: 

141 

913 

7051 

557 

457 1 

387  1 

142 

915 

708  1 

560 

459' 

389  f 

336 

143 

916 

711  , 

562 

462! 

39i 

33 

144 

918 

713 

565 

4641 

393  ' 

340 

!45 

w. 

567 

4361 

395  ! 

347 

146 

oyj 

718  1 

5/0 

a69  j 

,39.''  ! 

147 

920 

720* 

5/2 

471 

399  ' 

148 

922 

723  1 

575 

474 

40'  1 

347 

149 

924 

725  1 

577 

476 

403  ! 

34'-' 

150 

_ 

925 

729  1 

580 

478 

405  1 

■  .  N  i 

APPE.*f)IX  B 


X 


iblc  of  MaxiMua  Allowable  Tissue  Tensions  (M)  of  Nitrogen  for  Various  Halfo 
me  Tissues 


Depth  of  decompression  stop 


(ft) 

10 

20 

30 

4C 

50 

60 

70 

80 

90 

100 

(ft) 

43 

53 

63 

73 

83 

93 

103 

113 

123 

133 

laliil 

(M) 

(Feet  of  sea  water  eouivalent) 

5 

104 

122 

140 

158 

176 

194 

212 

230 

248 

266 

0 

88 

104 

120 

136 

152 

168 

184 

200 

216 

232 

0 

72 

87 

102 

117 

132 

147 

162 

177 

192 

207 

0 

56 

70 

84 

98 

112 

12(> 

140 

154 

168 

182 

0 

54 

67 

80 

93 

106 

119 

132 

145 

158 

171 

0 

52 

64 

76 

88 

100 

112 

124 

136 

148 

160 

0 

51 

63 

74 

86 

97 

109 

12D 

132 

143 

155 

D 

51 

62 

73 

84 

95 

106 

117 

128 

139 

150 

D 

50 

61 

72 

S3 

94 

105 

116 

127 

138 

149 

Z^/AIO  feet  depth 

Imin) 

5 

10 

20 

40 

80 

120 

160 

200 

240 

ft) 

18 

16 

15 

14 

13 

12 

11.5 

11 

11 

TABLE  N  APMIOIX  C 
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Table  of  Maxlnua  Allowable  Tissue  Tension  (M)  of  Heliua  for  Various  Half-time 
Tissues 


Depth  of  decompression  stop 


D  (ft) 

10 

20 

30 

40 

50 

60 

70 

80 

90 

100 

A  (ft) 

43 

53 

63 

73 

83 

93 

103 

113 

123 

13.) 

H  (aln) 

IMI 

of 

. 

water  oouivalent) 

5 

86 

101 

116 

131 

146 

161 

176 

191 

206 

n-  » 

«  .  ' 

10 

74 

88 

102 

116 

130 

144 

158 

172 

186 

200 

20 

66 

79 

92 

105 

118 

131 

144 

157 

170 

183 

40 

60 

72 

84 

96 

108 

120* 

132 

144 

156 

I6f< 

80 

56 

68 

80 

92 

104 

116 

128 

140 

152 

164 

120 

54 

66 

78 

90 

102 

114 

126 

138 

150 

162 

160 

54 

65 

76 

87 

98 

109 

120 

131 

142 

15  J 

200 

53 

63 

73 

83 

93 

103 

113 

123 

133 

143 

240 

53 

63 

73 

83 

93 

103 

113 

123 

133 

143 

^/AlO  feet  depth 

H  (min) 

5 

10 

20 

40 

80 

120 

160 

200 

240 

AH  (ft) 

15 

14 

13 

12 

12 

12 

11 

10 

10 

TABLE 

H 

APPEIOIX  D 
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Table  of  Maxiaua  Allowable  Tissue  Tensions  (M) 
Half  Ti«#  Tissue  (h)  for  Air  Dives 


D  (ft) 

A  (ft) 

h  (nin) 

10 

43 

20 

53 

(«)  (F( 

30 

63 

est  of 

40 

73 

sea  liat;^ 

50 

83 

\T  eoui 

5 

104 

126 

150 

174 

195 

10 

88 

107 

128 

148 

167 

ao 

72 

90 

106 

124 

141 

40 

58 

72 

87 

99 

113 

80 

52 

65 

78 

90 

103 

120 

51 

64 

76 

88 

101 

M  =  33  (T(J)  +  r  -  1.253 
J  s  (S/r)10  *  M/33  -  (r  -  1.25) 

S  «  Surfacing  tissue  ratio 
r  ■  Depth  tissue  ratio  at  stops 

TABLE  D  ABBBWU  E 


’  f 

i' 

of  Inert  Gas  for  ^farious 

3  - 

i 

? 

60  70  80 

93  103  113  r 


220 

242 

263 

189 

208 

228 

153 

174 

192 

128 

141 

156 

} 

115 

128 

142 

114 

126 

140 

